In a previous paper, we reported on a large number of cheetah blood specimens that gave positive signals only for Babesia and/or Theileria genus-specific probes on the reverse line blot (RLB) assay, indicating the presence of a novel species or variant of an existing species. Some of these specimens were investigated further by microscopic, serological, sequencing, and phylogenetic analyses. The near-full-length 18S rRNA genes of 13 samples, as well as the second internal transcribed spacer (ITS2) region, were amplified, cloned, and sequenced. A species-specific RLB probe, designed to target the hypervariable V4 region of the 18S rRNA gene for detection of the novel Babesia sp., was used to screen an additional 137 cheetah blood specimens for the presence of the species. The prevalence of infection was 28.5%. Here we describe the morphology and phylogenetic relationships of the novel species, which we have named Babesia lengau sp. nov.
The cheetah (Acinonyx jubatus, Schreber, 1775) is regarded as a vulnerable species according to the 2008 World Conservation Union (IUCN) Red List of Threatened Species (http: //www.iucnredlist.org) and is listed in Appendix I (which includes species that are most threatened) of the Convention of International Trade in Endangered Species (CITES) (9) . This is mainly because of loss of habitat in the wild and conflicts with farmers in remaining habitats (23) . Between 12,000 and 15,000 cheetahs remain in the wild, mostly in isolated populations in 24 to 26 countries in Africa. Free-ranging cheetahs still inhabit a broad section of Africa, including areas of North Africa, the Sahel, and East and southern Africa. The farmlands of north-central Namibia have the largest free-ranging population, of about 300 animals (16, 24) . The Asiatic cheetah (Acinonyx jubatus venaticus), found only in the Kavir Desert region of Iran, is critically endangered, with an estimated population of ca. 50 mature individuals (IUCN) .
Both large (Ͼ2.5 m) and small (Ͻ1.5 m) intraerythrocytic piroplasms have been reported from a variety of domestic and wild felid species from several continents (17) . Small piroplasms reported from felids include Babesia felis (12) , reported for African wild cats (Felis sylvestris ocreata) and caracals (Felis caracal) (38) in Africa; Babesia leo, reported for lions (Panthera leo) in South Africa (38) and Tanzania (32) ; and Cytauxzoon felis, reported for domestic cats and bobcats (Lynx rufus) (15, 45) , mountain lions (Felis concolor), and Florida panthers (Felis concolor coryi) (7, 41) in North America.
Records of Babesia parasites in wild cheetahs are surprisingly rare, with reports of occurrence of piroplasms in three animals in the Serengeti National Park in Tanzania (36) and South Africa (6) . Theileria-like piroplasms have also been reported for cheetahs in the Serengeti National Park and Ngorongoro Crater, Tanzania (2) . Babesia felis and B. leo have been reported from cheetahs in southern Africa, but not as mixed infections (6) . Although the prevalence of infection with these two species in free-ranging cheetahs in Namibia was low (7.5%), a large number (52.9%) of cheetahs were infected with an as yet undescribed Babesia sp. (6) . The aim of the current study was to characterize this undescribed Babesia sp. by phylogenetic analysis based on sequences from the 18S rRNA gene and the second internal transcribed spacer region (ITS2).
MATERIALS AND METHODS
Samples. Thirteen EDTA-blood specimens, previously collected from captive cheetahs (6), were selected for this study. These specimens had been reextracted and screened with a reverse line blot (RLB) hybridization assay, which makes it possible to simultaneously detect and differentiate blood parasites (31) . It was found that the amplicons hybridized only with the Babesia and/or Theileria genus-specific probe, which suggested the presence of a novel species or variant of a species (6) .
Light microscopy. Thin blood smears were prepared, and slides were stained using Kyro-Quick stain (Kyron Laboratories, South Africa) and examined for the presence of Babesia parasites. Slides were screened under a Zeiss microscope with a ϫ100 oil immersion objective. Measurements were made with a Leitz screw micrometer calibrated against a standard stage micrometer. Images were captured with a Nikon Coolpix 4500 digital camera attached to a Zeiss triocular microscope.
IFA. Eight samples were screened for the presence of antibodies against B. felis by use of an immunofluorescence assay (IFA). Antigen slides were prepared (27) by using blood from a domestic cat with a known B. felis infection. Serum collected from a B. leo-positive lion was used as a control. Twofold dilutions of the test sera and controls were prepared in phosphate-buffered saline. Commercial rabbit anti-cat immunoglobulin G conjugated with fluorescein isothiocyanate (capped; MP Biomedicals, Aurora, OH) was used at a 1:150 dilution. Slides were examined under an Olympus BX41 fluorescence microscope with a ϫ50 UV objective.
Molecular characterization. (i) Amplification, cloning, and sequencing of the 18S rRNA gene. DNA was extracted from blood collected in EDTA by use of a QIAamp DNA Mini kit (Qiagen, Southern Cross Biotechnology, South Africa).
The near-full-length 18S rRNA gene (ϳ1,700 bp) was amplified using primers Nbab_1F (35) and TB Rev (25) . The PCR mixture consisted of 2ϫ PCR master mix (Fermentas, Inqaba Biotech, South Africa), a 50 pM concentration of each primer (Inqaba Biotech, South Africa), and 2.5 l (70 to 100 ng) purified DNA to a final volume of 25 l. Amplification was performed in an automated thermocycler (Perkin Elmer, Foster City, CA). The PCR cycling conditions included an initial denaturation step at 94°C for 2 min, followed by 40 cycles of 94°C for 30 s, 67°C for 45 s, and 72°C for 1 min. Final extension was performed at 72°C for 7 min. The obtained PCR amplicons were purified using a QIAquick PCR purification kit (Qiagen, Southern Cross Biotechnology, South Africa). Amplicons were cloned into the pGEM-T Easy vector system (Promega, Whitehead Scientific, South Africa) according to the manufacturer's instructions. Recombinant plasmids were directly sequenced using an ABI BigDye Terminator cycle sequencing ready reaction kit (PE Applied Biosystems), using 350 ng plasmid DNA and 3.2 pmol of primer (25, 35) . Purified products were analyzed on an ABI3130 XL automated DNA sequencer at the Equine Genetics Laboratory, Faculty of Veterinary Science, University of Pretoria.
(ii) Amplification and sequencing of the second internal transcribed spacer region. The ITS2 genes/regions of 13 samples were amplified using primers ITS-2-F and ITS-2-R (21). PCR was performed by using the KAPALongRange system (KAPA Biosystems, Cape Town, South Africa) according to the manufacturer's instructions. The PCR conditions included an initial denaturation of 94°C for 3 min, followed by 36 cycles of 96°C for 30 s, 52°C for 30 s, and 72°C for 1 min. Final extension was performed at 72°C for 7 min. Amplified products were purified as described above and directly sequenced at Inqaba Biotech, Pretoria, South Africa.
(iii) Sequence analysis. Sequence data for the near-full-length 18S rRNA gene were assembled and edited to a total length of 1,652 bp by using GAP 4 of the Staden package (version 1.6.0 for Windows) (5, 43, 44) . The assembled sequences were aligned with sequences of related genera by use of ClustalX (version 1.81 for Windows). The alignment was manually truncated to the size of the shortest sequence. Similarity matrices were constructed using the twoparameter model of Kimura (19) and the Jukes and Cantor correction model for multiple base changes (18) . Phylogenetic trees were constructed using the neighbor-joining (42) and maximum parsimony methods in the Mega 3.0 software package (22) . This package was used in combination with the bootstrap method (14) (1,000 replicates/tree for distance methods and 100 replicates/tree for parsimony methods).
Sequence data for the ITS2 region were assembled and edited as described above. Construction of phylogenetic trees was done as described above.
Design of a species-specific probe to detect DNA from the newly described parasite in blood specimens collected from cheetahs. The obtained 18S rRNA gene sequence data were used to design a species-specific RLB oligonucleotide probe specific for the hypervariable V4 region of the 18S rRNA gene to detect this novel parasite. The probe (5Ј-CTC CTG ATA GCA TTC-3Ј) (with a melting temperature of 44°C) was synthesized with an N-terminal N-(trifluoracetamidohexyl-cyanoethyl,N,N-diisopropyl phosphoramidite [TFA])-C 6 amino linker at the 5Ј end (Operon, Southern Cross Biotechnologies, South Africa) and was prepared for use in the RLB assay (31). The 13 cheetah blood isolates used in this study were screened for the presence of the novel parasite by use of the RLB assay as previously described (6) . Subsequently, 137 cheetah samples were tested with the newly developed probe for the novel parasite.
Nucleotide sequence accession numbers. Sequences for the near-full-length 18S rRNA gene were deposited in GenBank under accession numbers GQ411405, GQ411406, GQ411407, GQ411408, GQ411409, GQ411410, GQ411411, GQ411412, GQ411413, GQ411414, GQ411415, GQ411416, and GQ411417. Sequences for the ITS2 region were deposited in GenBank under accession numbers GQ411418, GQ411419, GQ411420, GQ411421, GQ411422, GQ411423, GQ411424, GQ411425, GQ411426, GQ411427, GQ411428, GQ411429, and GQ411430. Vector: currently unknown but assumed to be a species of ixodid tick Etymology: named for the Setswana name for the cheetah Description. The organism is a typical small Babesia species whose developing trophozoites usually occupy a central to subcentral position within the host cell erythrocyte (Fig. 1a to c  and 2 ). The cytoplasm is pale to hyaline, with a purple-staining nucleus around the periphery; the small forms are round to slightly ovoid, averaging 1.3 m (standard deviation [SD], 0.2 m), with a range of 0.8 to 1.8 m (n ϭ 40). As the parasite grows, the nuclear chromatin begins to separate and a fine dividing line can be seen (Fig. 1d) ; the thickened nucleus at one end and chromatin at the other become clearer just prior to division (Fig. 1e) . The parasite finally divides by binary fission into two merozoites (Fig. 1f) . Measurements of dividing trophozoites are 1.1 by 1.9 m (SD, 0.2 m), with a range of 0.6 to 1.3 by 1.6 to 2.3 m (n ϭ 12). Figure 2 illustrates a microscopic view of the described parasite. Fig. 3 . Babesia lengau sp. nov. formed a monophyletic group with B. conradae (20, 21) and with piroplasms previously isolated from humans and wildlife in the western United States. This clade was distinct from the Babesia spp. sensu stricto (Babesia bigemina, Babesia canis, Babesia divergens, and Babesia gibsoni), Theileria spp., and Babesia microti and related species (Fig. 3) .
RESULTS

Taxonomic
The lengths of the ITS2 gene sequences ranged from 428 to 1,438 bp. Phylogenetic analysis of a 420-bp region of the ITS2 gene (Fig. 4 ) was in concordance with that obtained with the 18S rRNA gene. Babesia lengau sp. nov. grouped with B. conradae, B. duncani, and the rest of the "western clade" of piroplasms, which is made up of piroplasm isolates from wildlife and humans from California and Washington. As with the 18S rRNA gene sequence analysis, the Babesia spp. sensu stricto, the B. microti group of Babesia spp., and the Theileria spp. were grouped separately.
Based on the 18S rRNA gene sequences obtained, a Babesia lengau sp. nov.-specific RLB oligonucleotide probe was designed to target the hypervariable V4 region of the gene. The probe was shown to bind to its target sequence during RLB analysis and did not cross-hybridize with any other amplified Theileria or Babesia spp. It was subsequently used to screen 137 cheetah samples, of which 39 (28.5%) were infected with Babesia lengau sp. nov.
DISCUSSION
Phenotypic and genotypic data on a Babesia parasite present in cheetahs support the differentiation and naming of this piroplasm as a distinct species.
Babesia lengau sp. nov. is a parasite like many other species of small babesias, with no particular distinguishing morphological features. Type slides were selected from nine blood smears from individual cheetahs to provide the morphometric data for the description, but all infections were low-level infections, with parasitemias of Ͻ1.0%. Moreover, since all infections were chronic, dividing forms were scarce, but the parasite does appear to divide by binary fission only, as no evidence of cruciform division was observed. No parasites were observed in which the separation of dividing forms had progressed beyond that depicted in Fig. 1f . Dividing parasites do not appear to occupy any position other than a central position within the host cell. The round forms of Babesia lengau sp. nov. are similar in appearance to those of B. felis. For comparison, two slides containing B. felis from a domestic cat were screened and the parasites measured, and these were 1.3 m in diameter (SD, 0.2 m), with a range of 0.9 to 1.9 m (n ϭ 60), very similar to those of B. lengau sp. nov. No dividing forms were seen for B. felis.
Molecular tools have been used successfully in resolving the phylogenies of Babesia parasites (11, 20, 38) . The 18S rRNA gene was used in this study because it has been used successfully to resolve phylogenies of Babesia parasites (10, 20, 38) . Both the 18S rRNA and ITS2 gene sequence analyses were distinct from those of other felid babesias, such as B. felis and B. leo, and other blood parasites, such as Cytauxzoon felis. The only other genotypically related piroplasm is a canine parasite, B. conradae, indicating that Babesia lengau sp. nov. forms part of the previously described "western clade" of piroplasms, which includes B. conradae, B. duncani, and piroplasms isolated from both wildlife and humans from the western United States. Babesia lengau sp. nov. clustered separately from the Babesia spp. sensu stricto, the B. microti clade, and the Theileria and Cytauxzoon species. Babesia conradae was described in 2006 from a dog in California. This parasite is associated with hemolytic anemia in dogs in the United States. It was suggested that coyotes may serve as a reservoir for B. conradae (20, 21) . It was also mentioned that B. conradae had not been detected outside California, although studies were limited. It has also been shown that B. conradae is closely related to Babesia spp. in humans in the United States (8, 20, 21) . The piroplasm that is most closely related to B. conradae is B. duncani, isolated from a human in the western United States (8, 40) . The results obtained from 18S rRNA gene sequences correspond with the ITS2 results of Kjemtrup and Conrad (20) .
Cheetahs are suspected to be particularly vulnerable to infectious diseases. It has been argued that this is due mainly to the fact that cheetahs lack heterogeneity at major histocompatibility complex (MHC) loci that encode peptide-mediating immune responsiveness to pathogens (33, 34) . It has been shown, however, that a physiologic response to the environment is likely of equal or perhaps greater importance than genetic influences in determining health in cheetahs (30) . Captive cheetahs also have a high prevalence of atypical diseases, such as veno-occlusive disease and glomerulosclerosis, that rarely occur in other species (4, 28) . Also, Helicobacter and feline infectious peritonitis (FIP) virus, which are common infectious agents, cause persistent and severe inflammatory disease in cheetahs (13, 28) . These unusual diseases also occur in captive South African cheetahs, whose environment and diet more closely mimic those of free-ranging cheetahs (29) .
To date, no evidence has been seen to suggest that Babesia lengau sp. nov. causes any clinical signs in the host. The lowlevel parasitemias observed with chronic infections suggest that patent levels may exist for long periods, which would be required in order for ticks to become infected, given the normal low-density rates of cheetahs in the wild. It may well be that infection is acquired by the cubs and then persists at a chronic level for a long time, possibly with relapses when stress or other factors prevail. Clinical babesiosis due to Babesia bicornis, in association with stressful conditions, has been well documented for black rhinoceroses (Diceros bicornis) (26, 31) . There is also circumstantial evidence that the death of the famous lioness "Elsa," attributed to babesiosis, was stress related (1, 3, 37) .
The geographic distribution of B. lengau sp. nov. in cheetahs is currently unknown, but the parasite is assumed to have a wide, if sporadic, occurrence throughout the host's range in Africa. Whether the parasite also occurs in cheetahs outside Africa is speculative, and the small numbers of animals surviving in these areas may well exclude exposure to infection, but this remains to be investigated. The development of a new B. lengau sp. nov.-specific RLB probe makes it possible, for the first time, to determine the prevalence of this parasite in the cheetah populations in Africa and to discern the parasite's geographic distribution.
The mode of transmission of felid babesias is unknown (17, 39) . In a phylogenetic study in which felid babesias were compared to other related Babesia, Theileria, and Cytauxzoon species, B. felis was grouped with Babesia microti, suggesting that these species have the same mode of transstadial transmission by tick vectors (38) . Babesia lengau sp. nov. grouped phylogenetically with B. conradae, and preliminary tick transmission studies suggest that B. conradae may be transmitted by Rhipicephalus sanguineus ticks (46) . The tick vector for Babesia lengau sp. nov. is still unknown.
In conclusion, both phenotypic and phylogenetic analyses support recognition of the new piroplasm Babesia lengau sp. nov. present in cheetahs as a distinct species.
